We report an octave-wide mid-IR spectrum (2.3-4.8 μm) obtained from a subharmonic optical parametric oscillator (OPO) based on a newly developed nonlinear crystal, orientation-patterned gallium phosphide (OP-GaP), which was synchronously pumped by a femtosecond 1560 nm fiber laser. We proved that the octave-wide output is in the form of a single frequency comb. The observed f -to2f frequency beats, originating directly from the OPO, can be used for self-referencing and phase locking of the pump laser comb with no need for supercontinuum generation. With an average output power of ∼30 mW, this setup might be beneficial for a variety of spectroscopic applications in the mid-IR. A new technique suitable for generating broadband phaselocked frequency combs in the mid-infrared (mid-IR), based on a degenerate (subharmonic) optical parametric oscillator (OPO), which rigorously downconverts and augments the spectrum of a pump frequency comb, has recently been introduced [1]. For example, an instantaneous mid-IR spectrum of 2.5-3.8 μm was achieved in an OPO based on a 0.5 mm long periodically poled lithium niobate (PPLN) crystal pumped by a mode-locked erbium fiber laser [2] . Quasi-phase-matched (QPM) semiconductors, such as GaAs and GaP, have (i) much deeper mid-IR transparency and (ii) smaller mid-IR group dispersion than PPLN, which is a prerequisite for generating broadband frequency combs. While orientation-patterned (OP) GaAs has already shown great promise for wavelength conversion-both in mid-IR and THz ranges, and from CW to fs formats [3] [4] [5] [6] , its primary limitation is that it cannot be pumped at λ < 1.8 μm due to the onset of two-photon absorption. Orientation-patterned gallium phosphide (OPGaP)-a new QPM material with a larger (and indirect) band gap of 2.26 eV at 300 K-overcomes this limitation. Recently, femtosecond OPOs based on OP-GaP, with pump wavelengths near 1 μm [7], 1.5 μm [8], and 2 μm [9], were demonstrated. With a nonlinear figure of merit d 2 eff ∕n 3 , which is similar to that of PPLN (here d eff is the effective nonlinear coefficient and n is the average refractive index), GaP has the advantage of having much smaller mid-IR group velocity dispersion (GVD), which varies from 393 fs 2 ∕mm to −41 fs 2 ∕mm in the 2.5-5 μm spectral range, as compared with −211 fs 2 ∕mm to −3940 fs 2 ∕mm variation for PPLN in the same range.
A new technique suitable for generating broadband phaselocked frequency combs in the mid-infrared (mid-IR), based on a degenerate (subharmonic) optical parametric oscillator (OPO), which rigorously downconverts and augments the spectrum of a pump frequency comb, has recently been introduced [1] . For example, an instantaneous mid-IR spectrum of 2.5-3.8 μm was achieved in an OPO based on a 0.5 mm long periodically poled lithium niobate (PPLN) crystal pumped by a mode-locked erbium fiber laser [2] . Quasi-phase-matched (QPM) semiconductors, such as GaAs and GaP, have (i) much deeper mid-IR transparency and (ii) smaller mid-IR group dispersion than PPLN, which is a prerequisite for generating broadband frequency combs. While orientation-patterned (OP) GaAs has already shown great promise for wavelength conversion-both in mid-IR and THz ranges, and from CW to fs formats [3] [4] [5] [6] , its primary limitation is that it cannot be pumped at λ < 1.8 μm due to the onset of two-photon absorption. Orientation-patterned gallium phosphide (OPGaP)-a new QPM material with a larger (and indirect) band gap of 2.26 eV at 300 K-overcomes this limitation. Recently, femtosecond OPOs based on OP-GaP, with pump wavelengths near 1 μm [7] , 1.5 μm [8] , and 2 μm [9] , were demonstrated. With a nonlinear figure of merit d 2 eff ∕n 3 , which is similar to that of PPLN (here d eff is the effective nonlinear coefficient and n is the average refractive index), GaP has the advantage of having much smaller mid-IR group velocity dispersion (GVD), which varies from 393 fs 2 ∕mm to −41 fs 2 ∕mm in the 2.5-5 μm spectral range, as compared with −211 fs 2 ∕mm to −3940 fs 2 ∕mm variation for PPLN in the same range.
Here we report an octave-wide OP-GaP-based OPO that is pumped by a telecommunication-range fiber laser and is suitable for producing phase-locked frequency combs in the mid-IR. A schematic of the OPO setup is presented in Fig. 1(a) . The pump source was an Er-doped fiber laser from Toptica Inc. (1560 nm central wavelength, 300 mW average power, 80 MHz repetition frequency, and 85 fs pulse duration). We regard this laser as a free-running frequency comb in this work. The compact OPO cavity was composed of a dielectric pump incoupling mirror (M1) with a high transmission (>85%) at 1560 nm and high reflection for the signal/idler wavelengths (>95% at 2.4-4.2 μm and >50% at 2.2-4.9 μm) and three gold-coated mirrors (M2-M4), two of which (M2 and M3) are parabolic with an off-axis angle of 30°and radius curvature in the apex R 30 mm, and one of which (M3) was flat (not shown are four gold-coated folding mirrors to reduce the footprint). A broad-bandwidth gain was provided by a 0.5 mm thick OP-GaP crystal, with a QPM period 46.5 μm, grown by a combination of molecular beam epitaxy (MBE) and low-pressure hydride vapor phase epitaxy [7] . The OP-GaP crystal was mounted at the Brewster's angle (71°), to minimize the reflection of the p-polarized signal/idler and pump waves. Inside the crystal, the beams propagated along −110, and all polarizations were along the 111 direction of GaP.
A CaF 2 wedge (1°angle, average thickness 1.14 mm) was placed in the cavity to (i) compensate, in the first-order approximation, the GVD of GaP (at 3.12 μm degeneracy, GaP has GVD of 280 fs 2 ∕mm and CaF 2 has −122 fs 2 ∕mm) and (ii) for the OPO beam outcoupling via Fresnel reflection. Figure 2 (a) shows the computed overall extra phase delay accumulated per OPO cavity round-trip, as a function of frequency, along with contributions of the GaP crystal, CaF 2 wedge, and dielectric mirror. (Extra phase is the result of the residual group velocity dispersion that causes resonator modes to be slightly nonequidistant. This causes an extra phase accumulated per round trip for each mode. The latter is calculated via double integration, over frequency, of the round-trip group delay dispersion, expressed in fs 2 ). Our estimate for the extra phase tolerance is 0.5 rad, which comes from the finesse of the cavity and the available pump power. From Fig. 2(a) , one can see that the computed overall round-trip extra phase allows for a spectrum more than one octave wide to be achieved.
Usually, parametric gain of a nonlinear crystal is calculated by assuming a monochromatic pump. Here, we calculated parametric gain by assuming a finite (∼100 nm) FWHM Gaussian spectrum of the pump. The corresponding parametric gain for the 0.5 mm thick OP-GaP used in our OPO is shown as a thick red line in Fig. 2(b) , where one can see that the FWHM gain bandwidth is from 2070 to 4370 cm −1 (2.28-4.83 μm). The gain curve for a monochromatic pump is also plotted on the same figure for comparison.
The OPO oscillation was achieved by tuning the cavity length using a piezo actuator attached to the mirror M4. The OPO pump threshold was measured to be 14 mW. This low threshold is a result of a doubly resonant performance [1] . Figure 1(b) shows the output power versus outcoupling from the CaF 2 wedge, which was varied by turning the wedge away from the Brewster angle toward normal. The highest mid-IR power (sum of two reflections from CaF 2 surfaces) of 29 mW was achieved at ∼17% outcoupling. The measured OPO pump depletion was 75%.
A doubly resonant OPO oscillates at several discrete cavity lengths (that are close to the synchronous pumping condition), separated in round trip by the wavelength of the pump (1.56 μm) [2] . Switching from one resonant cavity length to another is equivalent to changing, in a step-like fashion, the dispersion in the cavity, which results in the change of the instantaneous spectrum. The OPO output spectrum was measured using a monochromator and a HgCdTe detector. The 2D color-coded intensity plots of Fig. 3(a) represent the output spectra as a function of cavity length detuning. Each horizontal "stripe" corresponds to one of the resonant peaks in the OPO output. The OPO spectrum evolved from degenerate to nondegenerate mode when the cavity was detuned to shorter lengths. The second stripe from the top yields the broadest instantaneous spectrum while still being degenerate.
Continuous operation of the OPO was achieved by locking the cavity length to one of the resonances via the dither-andlock method [2] involving a PZT actuator and a lock-box (LaseLock from TEM-Messtechnik GmbH). Figure 3(b) shows the broadest measured degenerate OPO spectrum spanning from 2.30 to 4.84 μm (2064-4346 cm −1 ) at the −25 dB level. This spectrum corresponds to the second stripe from the top on the 2D plot of Fig. 3(a) . Although the cavity was purged with dry nitrogen, which reduced the CO 2 concentration to less than 5 ppm and the H 2 O concentration to 400 ppm, the spectrum was still affected by the absorption of these two molecules in the measurement system. The top panel of Fig. 3(b) shows the cavity round-trip transmission, corresponding to the above concentrations, averaged over 10 cm −1 to match the resolution of the monochromator.
To verify that the octave-wide degenerate spectrum is a single frequency comb, we performed f -to-2f beat measurements in the radio frequency (RF) domain. This experiment allows us to characterize coherence properties of a frequency comb and to stabilize its carrier envelope offset frequency (f CEO ). Figure 4 represents a conceptual schematic of our f -to-2f beat experiment. We used two detectors with a spectral window of 10-100 nm, so that one of them (Det. 1, InAs-based) detects the degenerate wavelength at 3.12 μm, while the other Letter (Det. 2, extended InGaAs-based) detects only a 2.35 μm portion of the spectrum (optical frequency 2f ), which is 3/4 of the degenerate wavelength, such that the second harmonic (SH) of the 4.7 μm part of the spectrum (optical frequency f ), parasitically produced in the OP-GaP inside the OPO cavity, would interfere with the 2.35 μm portion of the spectrum. Both detectors were connected to RF spectrum analyzers (RFSA).
When the spectrum is degenerate and less than one octave wide [ Fig. 4(a) ], we expect Det. 1 to show only one RF peak, which corresponds to the repetition frequency f rep . Det. 2 is expected to provide no signal because the spectrum is not broad enough. As the spectrum becomes broader than an octave [ Fig. 4(b) ], an RFSA signal should appear from Det. 2 in the form of an f rep peak and satellites that correspond to f -to-2f beats. At the same time, Det. 1 is expected to show only one peak at f rep . Finally, when the spectrum splits into two distinct but overlapping combs (a nondegenerate mode), Det. 1 would see additional beats between the two combs overlapping at degeneracy. The Det. 2 is expected to still produce an f rep peak and show f -to-2f beats, which come from interfering SH of the idler and the OPO signal wave (though now they belong to different combs).
The f -to-2f experimental results were close to expectations and are shown in Fig. 5 . By switching to different cavity resonances, we were able to vary the spectrum of the OPO from degenerate to nondegenerate, similar to [6] , and observe RFSA signals originating from Det. 1 and Det. The parasitic SH of the red part of the spectrum in (b), (c), parasitically generated inside the GaP crystal, is expected to interfere with the blue part of the spectrum to produce f -to-2f beats. comb that reached an octave. In the latter case, Det. 1 shows only one peak at f rep [ Fig. 5(e) ], which indicates that the OPO output is still one comb. The Det. 2 sees both the f -to-2f beats (at 3 MHz) and the f rep peak. For this scenario, the signal-to-noise ratio for the f -to-2f peak was more than 17 dB. Because our detectors had a bandwidth of 50-60 MHz, the observed RF beats near f rep were much weaker than their low-frequency "mirror-image" counterparts. However, from the second inset on Fig. 5(h) , we can still see the two sidebands around f rep , corresponding to f -to-2f beats at 3 MHz. In the case of Fig. 5(c) , the OPO is nondegenerate: Det. 1 shows a peak near 6 MHz that suggests a splitting of the OPO combs that overlap at 3.12 μm degeneracy wavelength and produce beats, while Det. 2 shows a peak at 10 MHz due to f -to-2f beats originating from SH of the idler interfering with the signal wave.
To further verify that the f -to-2f beat comes from a single comb in the scenario of Fig. 5(b) , we recorded RF beats while slowly detuning the cavity length near resonance at a speed of ∼34 nm∕s. Because the CEO frequency of the subharmonic OPO is locked to that of the pump [1] , that is f CEO;OPO f CEO;pu ∕2, or f CEO;OPO f CEO;pu ∕2 f rep ∕2, the beat frequency did not change with cavity detuning, as seen from Fig. 6 (a) (a small linear slope is possibly due to the drift of CEO of our free running pump source). In contrast, for the nondegenerate scenario in Fig. 5(c) , we observed a noticeable RF beat frequency change with the cavity length detuning [ Fig. 6(b) ] because CEO frequencies for the signal and idler waves are no longer locked together.
Finally, the second-order autocorrelation trace corresponding to the broadest spectrum of Fig. 3(b) was measured with an InGaAs photodiode serving as a two-photon detector and is shown in Fig. 7 . Also shown is the simulation trace assuming sech 2 shape and FWHM pulse duration of 70 fs. However, this duration is the upper limit because the pulse was broadened by the dispersion of the optical elements used, such as a long-pass filter, beam splitter, and the focusing lens.
In conclusion, using an orientation-patterned GaP crystal as the gain element, we achieved an octave-wide 2.30-4.84 μm spectrum in a low-threshold (14 mW) subharmonic OPO, pumped by a free-running Er-fiber laser comb. The average comb output power was 29 mW. The spectral span achieved was more than 50% broader, as compared with the prior stateof-the-art based on an Er-fiber-pumped PPLN-based system. Moreover, given the fact that CEO of a degenerate frequencydivide-by-2 OPO is inherently locked to that of the pump laser, the observed f -to-2f frequency beats might be used for self-referencing and frequency comb stabilization of the pump laser itself, with no need for sacrificing laser power for supercontinuum generation. 
